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Abstract
Vacancy defects and their eﬀect on electrical deactivation in highly doped sili-
con have been studied using positron annihilation spectroscopy. The dominant
vacancy-impurity complexes are identiﬁed. The results explain the formation
of compensating vacancy-impurity complexes by thermal processes during the
growth. The migration kinetics leading to stable defects complexes is studied
in detail with the help of electron irradiation. These results are further applied
to understand the defect formation during molecular beam epitaxy under ion-
implantation or low temperature growth.
In case of As doping the electron irradiation induced vacancy-arsenic pairs (V-
As1) become mobile at 450 K and migrate until stopped by substitutional As
to form V-As2 complexes. Subsequently the V-As2 complexes start to diﬀuse at
700 K and create stable V-As3 complexes by migration. The recovery of V-As3
defects takes place after 1100 K annealing. Similar defects were observed also in P
and Sb doped Si. The formation of V-As3 defects at 700 K and their annealing at
1100 K are in perfect agreement with the well-known properties of the electrical
compensation in highly doped Si.
The V-As3 defect is also the dominant compensating vacancy defect in heavily As-
doped MBE grown Si. Larger vacancy complexes, tentatively identiﬁed as V2-As5,
are also formed at high concentrations. The V-As3 and V2-As5 complexes are
removed by annealings at 800 and 900◦C, respectively. However, they are likely
to reconstruct during the cooling down by subsequent migrations of V, V-As and
V-As2.
In highly Sb-doped Si grown by molecular beam epitaxy at low temperatures the
open volume defects are neighbored by 1  2 Sb atoms, and their concentration
is large enough to be important for the electrical deactivation. Annealing exper-
iments show that vacancy defects are unstable already at 400  500 K and form
larger vacancy-Sb complexes, most likely by the migration of V-Sb pairs.
The formation of thermal vacancies in highly n-type Si starts already at 700 K
and at high temperatures the vacancies are mainly isolated from impurities. Upon
cooling down the vacancies are quenched to stable vacancy-impurity complexes
such as V-As3 and V-P3, which act as electrically compensating defects.
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Chapter 1
Introduction
The computing speed of microprocessors increases due to the miniaturization of
the Si ﬁeld-eﬀect transistors (FETs) which act as the basic logical elements of the
device [1]. The decrease of the size of the FET requires an increase in the doping
density, both at the source and drain electrodes as well as in the channel [1].
When Si is doped to concentrations above ∼ 3×1020 cm−3 fundamental material
problems start to appear. The free carrier concentration saturates to this value
both in donor implanted [2] and MBE grown [3, 4] Si. As the deactivation takes
place also enhanced donor diﬀusion is observed indicating that a new migration
mechanism becomes dominant [5].
The reason for the electrical deactivation is believed to be defect complex for-
mation, which is also related to the observed enhanced donor diﬀusion. One
suggested group of defects are the precipitates which have been observed in Si
subjected to high temperature (700  1000◦C) annealing [2, 6, 7]. The most dis-
cussed defect complexes are however vacancy-donor complexes, where one or sev-
eral Si vacancies are surrounded by one or more donor atoms at substitutional
sites (Vm-Dn).
Theoretical calculations show that the formation energies of V-Dn decrease with
increasing n and with n > 2 they become negative suggesting that defects with
high n should be abundantly present at all doping levels [8, 9]. Thus also the
electrical deactivation should happen at all concentrations. This is however not
observed, which is usually explained by kinetic processes limiting the formation
of V-Dn.
D. Mathiot and J. C. Pﬁster have suggested that the enhanced diﬀusion happens
by percolation provided the donor concentration is high enough [10]. The donor
atoms form an inﬁnite cluster when they are 5th nearest neighbours or closer to
each other. Then the vacancies which are 3rd nearest neighbour to a donor can
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be second nearest to an another donor thus lowering the migration barrier of the
donor atoms. Later it has been proposed that it is enough that the donor atoms
are 9th nearest neighbours and also that larger complexes (V-D2) can diﬀuse with
similar mechanisms [9, 11]. The migration barrier of V-D2 (2.0 eV for V-As2) is
however larger than for V-D1 (1.19 eV for V-As1) and thus migration happens
only at higher temperatures [11]. Further theoretical proof for the electrical deac-
tivation by vacancy-donor complexes has been presented by M. A. Berding and A.
Sher in a form of electronic quasichemical formalism calculations which indicate
that V-Asn complexes with high n are responsible for the deactivation [12].
There is also experimental evidence that vacancy-donor complexes are responsible
for the observed electrical compensation and enhanced diﬀusion. Isoconcentra-
tion measurements by A. Nylandsted Larsen et al. suggest that V-Sb1 and V-Sb2
are responsible for the diﬀusion in highly Sb doped Si [13]. Theoretical calcula-
tions and extended X-ray absorption ﬁne structure measurements (EXAFS) by
K. C. Pandey et al. suggest that V-As4 complex plays a strong role in the deacti-
vation in highly As doped Si [8]. They note, however, that smaller defects, such as
V-As3, have not been considered and they can also play a role in the deactivation.
Highly doped Si has been studied with positrons earlier. D. W. Lawther et al.
found evidence that V-Asn complexes (with average n being greater than two) are
associated to the electrical deactivation in highly As doped Si [14]. U. Myler et al.
have studied Si([As]=4×1020 cm−3) using two detector coincidence system [15].
They observed an increase in the As signal after 500◦C and 750◦C annealings
indicating the formation of V-Asn defects. S. Szpala et al. have made coincidence
Doppler measurements on highly Sb-doped Si (up to 2.4×1021 cm−3) [16]. They
studied the eﬀect of Sb to the core region of the electron momentum distribution
and proposed that a single Sb bound to a vacancy is the compensating acceptor
in highly doped material.
In addition to the vacancy-donor complexes other defects have been considered as
well. Based on ﬁrst-principles calculations and X-ray absorption measurements
D. J. Chadi et al. have proposed a donor-pair defect as responsible for the de-
activation in highly Sb doped Si [17]. These defects contain two separated but
interacting dopant atoms with no associated Si vacancies. In later measurements
by annular dark-ﬁeld scanning transmission electron microscope by P. M. Voyles
et al. direct evidence of Sb pairs was obtained but it was impossible to discrimi-
nate between the donor-pair and V-Sb2 defects [18,19].
Information related to the electrical deactivation at high doping levels have also
been obtained from measurements in Si where vacancies have been created artiﬁ-
cially by electron irradiation. By observing the defect migrations and formations
in electron irradiated Si during annealings one gains information about processes
taking place during the growth of Si. Since the vacancy is mobile well below
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room temperature it can survive temperatures at and above room temperature
only as trapped at some defect, such as at neighboring site of a donor atom.
G. D. Watkins et al. have identiﬁed the V-D1 defects formed by electron irradi-
ation in P-, As- and Sb doped Si using electron paramagnetic resonance (EPR)
and electron-nuclear double resonance (ENDOR) [20, 21]. They also found that
these defects anneal at relatively low temperatures.
Positrons have also been applied to study electron irradiated Si. J. Mäkinen
et al. have investigated Si([P]=1020 cm−3) to show that positrons trap at V-P1
defects [22, 23]. The annealing of V-D1 defects in P, As and Sb-doped Si have
been studied by A. Polity et al. [24]. They found that the V-D1 defects annealed
at temperatures around 400  450 K. They also found divacancies which annealed
between 500 and 650 K. V. Avalos and S. Dannefaer have studied P and Sb
doped samples with concentrations between 1016 and 5×1018 cm−3 [25]. Their
conclusion was that at lower doping V2-D1 defects dominate whereas at dopings
around 5×1018 cm−3 the V-D1 is the dominant defect.
In this thesis the formation of vacancy complexes and their eﬀect on the electrical
deactivation in highly doped Si is studied using positron annihilation spectroscopy.
In Publications I and III we studied the formation mechanism of electrically inac-
tive vacancy-impurity clusters in highly n-type Si by annealing electron irradiation
induced vacancy-donor pairs. Publications II and IV cover defects in as-grown
and annealed samples with thin layers of very highly doped Si at the surface.
Publication V discusses the important phenomenon of thermal vacancy forma-
tion in Si. In addition to the results in Si, Publication III contains some new
methods for the analysis of the momentum distribution of positron-electron pair,
and Chapter 3 of this thesis explains the development of positron measurement
control software e+lab.
Chapter 2
Positron annihilation
experiments
Positron annihilation spectroscopy is a method that can be used to detect open
volume defects and their chemical environments in a solid material. It is based
on introducing positrons to a system where they eventually annihilate with elec-
trons, their antiparticles. Before the annihilation positrons can, due to their pos-
itive charge, get trapped at neutral and negative vacancies where the Coulombic
repulsion of the positive nucleus is missing. At the vacancy the electron density
is lower causing the time the positron spends in the material to increase, thus
allowing positron lifetime measurements to characterize the open volume of the
defects. In addition the electron momentum distribution is diﬀerent due to the
missing atom, the relaxation of the electron cloud of the neighboring atoms and
the possible impurities present next to the vacancy. Since momentum is conserved
in the annihilation, the annihilation photons contain information about the elec-
tron momentum at the annihilation site. Thus the measurement of this Doppler
shift can be used to obtain information about the chemical environment of the
defects.
2.1 Positrons in solids
In measurements with fast positrons the positron source, commonly 22Na, is sand-
wiched between two identical sample pieces. Thus the positrons leaving the source
immediately enter the sample where they lose their energy in processes like core-
electron ionization and conduction-electron and phonon scattering. This thermal-
ization takes only a short time, but due to continuous energy distribution of the
positrons, the depth distribution ends up being rather wide. Thus fast positron
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measurements are best suited for samples where the region of interest is a several
hundred micrometer thick homogeneous layer. After thermalization the positron
diﬀuses in the material, possibly traps at a defect and ﬁnally annihilates with an
electron.
If the layer to be studied is considerably thinner, slow positrons have to be used.
In slow positron beams, the positrons from the source are directed to a moderator,
such as a tungsten foil, where the positrons thermalize, and some of them escape
with small energies. After discarding the fast positrons, the thermalized ones
can be accelerated to desired energies with an electric ﬁeld. These positrons can
then be directed to the sample where their penetration depth can be adjusted by
changing the accelerating electric ﬁeld. The drawback of a normal slow positron
beam is that in the moderation the lifetime information is lost allowing only
Doppler broadening measurements. If lifetime information from a thin sample is
needed, a much more complicated apparatus producing a pulsed positron beam
is required.
2.2 Lifetime experiments
In positron lifetime measurements one measures the time diﬀerence between the
photon created at the same time as the β-decay, 1.27 MeV photon in case of
22Na, and one of the 511 keV annihilation photons. The lifetime spectrometer
consists of two detectors (start and stop), both consisting of a fast scintillator
coupled to a photomultiplier. The timing pulses are obtained with constant-
fraction discriminators. A time-to-amplitude converter is used to obtain pulses
with amplitude proportional to the time diﬀerence between the two photons. The
pulses are collected into a lifetime spectrum with a multichannel analyzer. Usually
about 2×106 events are collected to a single spectrum during a time of couple of
hours.
The positron lifetime spectrum, that is, the annihilation rate at time t, is the
negative derivative of the number of positrons n alive at time t,
−dn(t)
dt
=
N+1∑
i=1
Iiλie
−λit, (2.1)
where Ii is the relative intensity of lifetime component τi = 1/λi with ∑i Ii = 1and N is the number of positron trapping states in the sample. This is the ideal
case, in practice the measured spectrum is a convolution of the ideal spectrum
with the resolution function of the system. In addition positrons annihilating
in the source material and the foil surrounding it also cause components to the
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measured spectrum. With a defect free reference sample these source components
can be determined and their eﬀect removed. Although in case of several positron
traps the decomposition becomes very diﬃcult, the average positron lifetime
τave =
∫
dt t
(
− dn(t)
dt
)
=
∑
i
Iiτi (2.2)
can tell about the presence of vacancy type defects if its value is larger than the
lifetime in a defect free material.
2.3 Doppler-broadening experiments
In Doppler-broadening measurements one detects the broadening of the 511 keV
annihilation line caused by the momentum of the annihilating positron-electron
pair. The energy of the annihilating photon is usually measured with a high-
purity Ge-detector. The signal is ampliﬁed and a digital stabilizer is used in
order to remove the eﬀect of instabilities in the measurement system. The pulses
are collected to an energy histogram using a multichannel analyzer.
In order to characterize the Doppler spectrum, shape parameters S and W are de-
ﬁned (Fig. 2.1). The S parameter is deﬁned as the number of pulses in the center of
the peak divided by the number of total counts in the peak. The S parameter thus
characterizes the annihilation with the low momentum valence electrons. Typi-
cally the S parameter is calculated at photon energies |Eγ − 511 keV| < 0.7 keV.
The W parameter is the fraction of counts in the wing region of the peak and char-
acterizes annihilations with the high momentum core electrons. Energies used for
the W parameter are usually between 2.5 keV and 4.2 keV from the peak center.
Positron trapping at vacancies usually increases the S parameter and decreases the
W parameter. However, impurities next to the vacancy can change this behavior
as can be seen in the results of this thesis.
It is possible to lower the level of background in the Doppler spectrum and thus
study even higher momentum electrons by detecting both of the annihilation
photons. One way to do this is to use a second detector only for gating purpose
only allowing those pulses to be added to the spectrum where both detectors have
detected a photon within a certain coincidence time. The advantage of doing it
this way is that the resolution of the second detector doesn't have to be very good.
Even better results can be obtained, however, by using two Ge-detectors and
placing the observed signals into a two-dimensional matrix where the energies
observed determine the column and row where the pulse is added (Fig. 2.1). Due
to the conservation of momentum the actual annihilation events will be at the
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Figure 2.1: Two dimensional Doppler spectrum from coincidence measurement,
normal one dimensional spectrum obtained from it and the S and W parameter
windows.
diagonal of the 2D-spectrum since E1+E2 = 2m0c−Eb, where Eb is the binding
energy of positron and electron in the solid. Due to ﬁnite resolution of the system
counts where the sum of the photon energies are close to 2m0c are accepted to
the ﬁnal 1D spectrum. In addition to the very high peak-to-background ratio
the resolution is improved by a factor of √2 in this system. As an added bonus
the resolution function of the system can be obtained from the other diagonal.
The eﬀect of the resolution of the measurement system can be removed from the
valence region of the spectrum by deconvolution. The deconvolution can be made
for example with the model-independent unfolding method [26], more details can
be found in Publ. III.
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2.4 Analysis of results
In the case of positron trapping at one kind of a defect the measured annihilation
parameter P (S or W parameter or the average lifetime τave) can be written as
a superposition of the defect parameter PD and the parameter of perfect lattice
PB as
P = ηPD + (1− η)PB, (2.3)
where η is the fraction of positrons annihilating at the defect. By using the
trapping rate κD and the positron annihilation rate from the delocalized state
λB = 1/τB, the concentration of the defects can be estimated as
cD =
κDNat
µD
=
Nat
µDτB
(P − PB)
(PD − P ) , (2.4)
where Nat is the atomic density and µD the positron trapping coeﬃcient. In
semiconductors the temperature behavior of µD depends on the charge of the
vacancy. For positive vacancies µD is small and thus trapping is usually not seen.
For neutral defects the positron trapping coeﬃcient is temperature independent
with values around 1014  1015 s−1 and thus defects with concentrations above
1016 cm−3 can be detected. For negative vacancies the µD increases with decreas-
ing temperature. However, with very large concentrations of negative vacancies,
like in most Si samples studied in this thesis, the trapping at negative vacancies
is independent of temperature due to screening eﬀects.
The Doppler broadening experiments yield chemical information on the atoms
at the positron annihilation site. Hence, it has been suggested that the Doppler
broadening curves could be constructed of element-speciﬁc momentum distribu-
tions which could be recorded in reference samples [16, 27, 28]. However, it is
suspicious if such superposition could always be justiﬁed, since the positron state
and lattice symmetry of the reference material could be very diﬀerent from those
in the studied sample. On the other hand, at diﬀerent vacancy-impurity com-
plexes the trapped positron state is always very similar, and thus the recorded
momentum distribution can be successfully decomposed to element-speciﬁc con-
stituents,
ρ(p) =
m∑
i=1
niρi, (2.5)
where m is the number of diﬀerent kinds of atoms next to the vacancy, ni is the
number of ith kind of atoms and ρi the respective electron momentum distri-
bution. It should be noted that the ρi are distributions for an atom next to a
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vacancy, not that of an atom in a lattice without open volume defects where the
positron wavefunction is very diﬀerent. More details are given in Publ. III.
To illustrate the changes of the momentum distribution Γ(p) we apply the con-
ventional analysis [29] to calculate the momentum space density of states from
the experimental Doppler spectrum I(pz) as
N(p) = 4pip2Γ(p) = −2pdI(p)
dp
. (2.6)
Although this is derived assuming an isotropic Γ(p), the density of states in
Eq. (2.6) gives illustrative information on the changes of the average electron
momentum, as will be seen in Section 4.1. Furthermore, Eq. (2.6) gives a much
more physical representation of changes in Γ(p) than the more commonly used
ratio or diﬀerence curves [27, 28,30,31].
To support the measurements the positron lifetimes and core electron momen-
tum distributions can be calculated theoretically for diﬀerent vacancy-donor com-
plexes. In this thesis the atomic superposition method was used in the calcula-
tions [3236]. In addition some data calculated with the more accurate ab initio
method was available [37], and they were seen to agree well with the atomic
superposition results at momentum values higher than 15×10−3 m0c.
Chapter 3
Control software for positron
measurements
Measuring a single positron lifetime or Doppler broadening spectrum usually takes
1  4 hours. Almost always information is wanted at diﬀerent measurement con-
ditions, that is at diﬀerent temperatures, under illumination with photons of
diﬀerent energies and at diﬀerent positron acceleration energies in case of beam
measurements. This means that from a single sample several spectra are mea-
sured, and between each measurement the conditions are changed. Thus in order
for the system to be eﬃcient, the changing of conditions, starting the measure-
ments and storing the data need to be automated.
Earlier two diﬀerent measurement softwares were used, Datcd [38] for fast positron
measurements and Beamlab [39] for slow positrons. Datcd ran under MS-DOS and
was written in Fortran. Beamlab ran under Microsoft Windows 3.1 and was made
using National Instruments LabView 4. The idea of the current measurement
system, e+lab, was that it would run on newer operating systems (Windows NT
4.0 and newer), that it could control both fast and slow positron systems and
that it could also utilize a network connection to control equipment not directly
connected to the computer (Fig. 3.1).
The ﬁrst version of e+lab was written by P. Pursula [40] and it was based on
Beamlab since the code could quite easily be used in newer version of LabView.
I continued the development and the software was taken to routine use in one
of the lifetime systems. Later the software has been updated by me and several
other people including Silja Holopainen, Antti Kemppinen, Katja Pennanen and
Olli Ahonen. At the time of the writing the software is in use in all the lifetime
systems and slow positron beams in the laboratory, and it was also used in all the
measurements of this thesis.
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Figure 3.1: Schematic of communications between diﬀerent parts of the measure-
ment system. The measurement computer running the e+lab software controls the
FieldPoint modules and the other computer containing the multichannel analyzer.
The software can control positron lifetime measurements using both analog and
digital positron spectrometers (Fig. 3.2). It can at the same time control Doppler
broadening measurements with one or two detectors, including coincidence mea-
surement. It can also fully control the temperature of the sample and the illu-
mination system allowing diﬀerent photon energies and ﬂuxes. In case of slow
positron beams the positron acceleration voltage can be controlled. Thus the sys-
tem can be programmed to do measurements taking weeks without the need for
user input during that time.
The system takes full use of the local area network so that none of the hard-
ware need to be in the computer running e+lab. The multichannel analyzer cards
that are used to collect the data are located in older computers (due to the
requirement of ISA-bus) needing only a network card and a small hard drive.
For reading thermovoltages and controlling heating power National Instruments
network-interfaced FieldPoint modules are used. For controlling positron accelera-
tion voltage and some parts of the illumination old-fashioned serial ports are used.
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Figure 3.2: e+lab measurement panel during lifetime measurement.
By using external hardware moving parts of the equipment (such as monochro-
mator used in illumination) to other systems is easier as well as the replacement
of broken parts. In addition the collected data, as well as status and error logs,
are also saved to a networked hard drive for easier access from diﬀerent computers
in the laboratory.
One of the requirements for the new system was that it should be easily conﬁg-
urable for diﬀerent measurement systems. Thus a lot of eﬀort was put to the nu-
merous conﬁguration panels allowing the tweaking of every aspect of the positron
measurement system, and also the ability to quickly change between diﬀerent
setting collections. As an example the temperature conﬁguration panel is shown
in Fig. 3.3 including the settings for thermocouple calibration and temperature
control.
During the development also the handling of diﬀerent problem scenarios was taken
into account, such as making sure that the heating is turned oﬀ in case of hardware
or software failure. Also for most error situations, such as not reaching desired
temperature in a set time or temperature ﬂuctuating too much, the user can set
the e+lab to stop the measurement, give a warning or simply ignore the problem.
This allows the experienced user to go beyond the set limits when testing new or
malfunctioning measurement equipment.
3 CONTROL SOFTWARE FOR POSITRON MEASUREMENTS 13
Figure 3.3: Temperature conﬁguration panel of e+lab.
Chapter 4
Vacancies in highly doped silicon
4.1 Measurements on electron irradiated Si
Doping levels up to 1020 cm−3 are used in current device technologies. In n-type
doping of Si with arsenic, however, fundamental material problems start to appear
when doping increases above ∼ 3× 1020 cm−3 [41, 42]. The concentration of free
electrons does not increase linearly with the doping concentration, indicating that
inactive impurity clusters or compensating defects are formed. Furthermore, the
diﬀusion coeﬃcient of As starts to increase rapidly at [As] > 3 × 1020 cm−3
demonstrating that new migration mechanisms become dominant [5].
Both the electrical deactivation of dopants and the enhanced As diﬀusion have of-
ten been attributed to the formation of vacancy-impurity complexes [42]. Accord-
ing to theoretical calculations vacancies surrounded by several As atoms (V-Asn,
n > 2) have negative formation energies suggesting that these complexes are abun-
dantly present at any doping level [8,9]. The formation of these defects is, however,
limited by kinetic processes such as the migration of As. At very high doping con-
centrations (> 1020 cm−3) the diﬀusion of V-As pairs is enhanced by another As
at the ﬁfth neighbor site or closer (the vacancy percolation model) [5, 10]. The
calculations predict that also the V-As2 complex is mobile at relatively low tem-
peratures enabling the formation of higher order V-Asn complexes [9,11]. In fact,
vacancy complexes have been observed in positron annihilation experiments [14]
and recently their dominant structure has been identiﬁed as V-As3 in Czochralski
(Cz) Si doped up to [As] = 1020 cm−3 [30].
In Publ. I and III we applied positron annihilation spectroscopy to verify ex-
perimentally the formation mechanism of V-As3 complexes in highly As doped
Si, and also the formation of similar defects in P and Sb doped Si. We studied
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several Czochralski-grown Si(111) bulk crystals with diﬀerent As, P and Sb dop-
ing concentrations. Most of the samples were irradiated at 300 K with 2 MeV
electrons in order to create vacancy defects above thermal equilibrium concen-
tration. After electron irradiation the samples were annealed isochronally (30
min) in vacuum (10−3 mbar) at 300  1220 K, and positron lifetime measure-
ments were conducted at room temperature between the annealings. When there
were signiﬁcant changes in the positron lifetime we performed coincidence Doppler
broadening measurements with two Ge detectors at room temperature.
The average positron lifetime as a function of annealing temperature for sam-
ples Si([As]=1020 cm−3) and Si([As]=1019 cm−3) is shown in Fig. 4.1. In the
Si([As]=1020 cm−3) the lifetime is around 242 ps up to 1100 K indicating the
presence of monovacancies. The peak at 500 K is due to the formation and an-
nealing of divacancy defects. In the less doped sample the lifetime decreases in a
wide temperature range indicating that the vacancy concentration is decreasing.
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Figure 4.1: Average positron lifetime as a function of annealing temperature for
electron irradiated samples Si([As]=1019 cm−3) and Si([As]=1020 cm−3).
In Fig. 4.2 the core region electron momentum distribution from sample
Si([As]=1020 cm−3) is shown at several temperatures. It is seen that the spectrum
rises from the as-irradiated case as temperature increases. This increase is caused
4 VACANCIES IN HIGHLY DOPED SILICON 16
by increased positron annihilation with the As 3d electrons indicating that the
number of As atoms next to vacancy increases. With the help of theoretical calcu-
lations the defects can be identiﬁed as V-As1 in as-irradiated, V-As2 at 600 K and
V-As3 at 775 K. Furthermore, the defects in the as-grown sample are the same
V-As3 defects as after irradiation and annealing, although their concentration is
much smaller. In the lower part of Fig. 4.2 the element-speciﬁc contributions (see
Sect. 2.4) of Si and As atoms to the momentum distribution are shown from both
measurements and theoretical calculations [37]. The agreement of measurements
with theory is excellent.
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Figure 4.2: Core region momentum distributions measured in sample
Si([As]=1020 cm−3). In the as-grown sample we have removed the eﬀect from
delocalized positrons with the help of measured positron lifetimes. Below are
shown the element speciﬁc momentum distributions. The theoretical calculations
are from Ref. [37].
Fig. 4.3 shows the valence region electron momentum distributions from sample
Si([As]=1020 cm−3), and also the densities of momentum states (Eq. 2.6) are
shown. The shift of the spectra to higher momentum at higher temperatures
allows the identiﬁcation of the defects also from the valence region spectra. The
reason of this shift is an increase of As atoms near vacancies at higher tempera-
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tures; valence electron density and also the electron momentum near the As atom
is higher than near Si due to the positive charge of the As ion.
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Figure 4.3: Deconvoluted valence region momentum distributions measured in
sample Si([As]=1020 cm−3). Also shown are densities of momentum spaces (lower
part of the ﬁgure).
Similar complexing of donor atoms next to the vacancy at increased temperatures
is also seen in P and Sb doped samples. Although the core region electron mo-
mentum distribution can't be used to identify the defects in P doped sample (also
in case of Sb it is diﬃcult), the valence region spectra show similar shift to higher
momentum as in the case of As doping.
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4.2 Annealings of highly As doped as-grown Si
Vacancies surrounded by three As atoms, V-As3, have been identiﬁed in Czochral-
ski (Cz) grown bulk Si doped up to [As]=1020 cm−3 and their formation has been
explained by kinetic migration processes in Publ. I and III and in Refs. [9,11,30].
However, the concentration of V-As3 complexes in Cz Si([As]=1020 cm−3) is only
0.1 % of the As concentration [30] and the material does not show substantial elec-
trical deactivation. Furthermore, it has been suggested that pairs of dopant atoms
without vacancies are dominant at high doping levels [17, 18]. It is thus interest-
ing to study the structure of compensating defect complexes at [As] > 1020 cm−3
where the electrical deactivation of doping becomes substantial. Equally impor-
tant is to understand what happens to defect complexes in rapid thermal anneal-
ing (RTA) treatments which are routinely used to activate the doping after the
growth.
In Publ. II we studied silicon samples with 330 nm thin MBE grown epitaxial
layers doped heavily with arsenic (1.5 × 1020 and 3.5 × 1020 cm−3). The epi-
taxial layers were grown on p-type, 80 Ω-cm, (001)-oriented Si ﬂoat-zone reﬁned
substrates kept at a temperature of 450◦C during the growth. The growth rate
was 0.02 nm/s and the As ions were implanted at an energy of 1 keV during
the growth. The samples were subjected to annealing in N2, either with RTA at
900◦C for 10-170 s or furnace annealing at 800-900◦C for two minutes.
The electrical activities in the samples were deduced from Hall eﬀect/resistivity
measurements and the total As concentrations were determined with Rutherford
backscattering spectrometry (RBS) using 2-MeV alpha particles. Doppler broad-
ening measurements with a slow positron beam were conducted to identify the
defects in the samples and estimate their concentrations.
In Fig. 4.4 S and W parameters measured from the highly doped layers in the
samples after diﬀerent heat treatments are shown. All the points fall on a line not
going through the point characterizing the defect free lattice. There are thus at
least two diﬀerent positron trapping defects in the samples. Based on results in
Publ. I and III the defects on the left side of the plot can be identiﬁed as V-As3.
The higher S parameter and similar W parameter shows that the defects on the
right side are most likely divacancies with several As atoms as nearest neighbors,
tentatively identiﬁed here as V2-As5 defects.
Based on the electrical and positron measurements the concentrations of the de-
fects can be approximated. The electrical activities and the obtained defect con-
centrations are shown in Table 4.1. These results allow us to propose that defect
reactions shown in Fig. 4.5 take place in highly As doped Si during annealing
and cooling down.
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Figure 4.4: Relative W parameters (20  25×10−3 m0c) as function of relative
S parameters (0  3×10−3 m0c) from all the measured samples and a sample
containing V-As3 defects. All measurements were made with the 2-parameter
system and the spectra were deconvoluted before the calculation of S parameter.
AG in the plot denotes as-grown and RTA rapid thermal annealed samples.
The results show that a vacancy surrounded by three As atoms is the dominant
compensating vacancy defect in heavily As-doped MBE grown Si. Larger vacancy
complexes, tentatively identiﬁed as V2-As5, are also formed at high concentra-
tions. The V-As3 and V2-As5 complexes are removed by annealings at 800 and
900◦C, respectively. However, they are likely to reconstruct during the cooling
down by subsequent migrations of V, V-As and V-As2. The rapid thermal anneal-
ing is shown to lead to smallest concentrations of V-As3 and V2-As5 complexes,
most likely due to the limited time available for the migration processes.
4.3 Annealings of highly Sb doped as-grown material
The molecular beam epitaxy (MBE) growth at low temperature (< 600 K) can
be applied to achieve metastable doping and free electron concentrations which
become compensated only at 1021 cm−3 [3]. At these very high doping levels
the pairing of impurities may happen due to purely statistical reasons [17, 18].
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Table 4.1: Arsenic concentrations and electrical activities of the measured sam-
ples. The concentrations of V-As3 and V2-As5 defects were obtained by combining
the results of electrical and positron experiments.
[As] Treatment el. act. [VAs3] [V2As5]
1020 cm−3 % 1018 cm−3 1018 cm−3
1.5 as-grown 20 31± 3 5± 2
1.5 furnace at 800◦C 74 2± 2 6± 2
1.5 furnace at 900◦C 79 6± 1 0.26± 0.06
1.5 RTA at 800◦C 88
1.5 RTA at 900◦C 98 0.4± 0.2 0.38± 0.08
3.5 as-grown 2 80± 9 20± 5
3.5 furnace at 800◦C 54 1.4± 0.8 24± 5
3.5 furnace at 900◦C 63 28± 4 9± 3
3.5 RTA at 800◦C 67
3.5 RTA at 900◦C 85 9± 2 5± 2
The electron microscopy studies have indeed observed donor pairs at concentra-
tions expected for compensating defects [18, 19]. These pairs (DP) have been
recently attributed to the conﬁguration DP-V-I, where the Si atom neighboring
the Sb dopant pair has relaxed toward the interstitial site (I) leaving a vacancy
(V) behind [19]. The presence and size of open volume in this defect has been de-
duced indirectly by comparing the positions of the Sb atoms to the theoretically
predicted lattice relaxation [19]. On the other hand, the positron annihilation
experiments of Szpala et al. suggest that open volume defects larger than mono-
vacancies may be present [16].
In Publ. IV we applied positron annihilation spectroscopy to study vacancies
formed in the low-temperature (550 K) MBE growth of highly Sb-doped Si(100).
Four samples were studied with concentrations ranging from 2.7×1019 cm−3 to
3.7×1021 cm−3. These were the same samples used in the electron microscopy
experiments in Refs. [18, 19]. The Sb-doped Si(111) samples (same as in Publ.
III) were used as reference.
Since the doped layer was very thin (30  70 nm), all measurements were made
with a slow positron beam. Fig. 4.6 shows the relative S parameter as a function
of positron implantation energy. The high peak in the most heavily doped sample
shows that vacancies much larger than monovacancies are present in the sample
indicating heavy damage. In the two least doped samples no clear peak is ob-
served, whereas in the sample with second highest doping ([Sb]=9.4×1020 cm−3)
the S parameter shows the presence of vacancy type defects.
In order to identify the defects in the [Sb]=9.4×1020 cm−3 sample coincidence
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Figure 4.5: Eﬀect of annealing in highly As-doped Si.
Doppler broadening measurement were made. By comparing the spectra with
the reference samples and with theoretical calculations it was seen that that the
defects are mostly mono- and divacancies with 1-2 Sb atoms as nearest neighbour.
The results are in agreement with the microscopy studies [18] where Sb impurities
appear either isolated or in pairs. However, no evidence of the donor pair defects
were found.
The thermal stability of vacancies is studied in Fig. 4.7. While the S parameter
is almost constant during annealings at 300  600 K, the W parameter increases
signiﬁcantly. These results and coincidence measurements show that the mono-
and divacancies after 600 K heat treatment are neighbored by 2  3 Sb atoms. We
attribute this to the clustering induced by the V-Sb pair, which becomes mobile
at 400  500 K. The highly Sb-doped MBE Si is thus atomically metastable after
the growth; the grown-in vacancies mediate the formation of larger vacancy-Sb
clusters by annealing already below the growth temperature. The concentration
of the vacancies can be approximated to be order of 1020 cm−3 and thus it is large
enough to be important in the electrical deactivation of the Sb doping.
4.4 Formation of thermal vacancies
The vacancies formed in thermal equilibrium in Si are important, since they medi-
ate the diﬀusion of both lattice and impurity atoms. Their role is also prominent
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Figure 4.6: S parameter as a function of positron implantation energy. The S
parameter is scaled to the bulk lattice value SB obtained in the substrate.
in the electrical properties of highly-doped material, since the vacancy diﬀusion
leads to the formation of electrically passive donor impurity clusters. However,
the thermal vacancies have escaped the direct experimental observation and thus
their basic thermodynamical properties have been uncertain.
In Publ. V we studied several Czochralski-grown Si(111) bulk crystals with As
and P dopings of 1020 cm−3. The as-grown Si([As]=1020 cm−3) sample contains
a small concentration (∼1017 cm−3) of native V-As3 defects [30]. In the as-grown
Si([P]=1020 cm−3) sample the vacancy concentration was less than 1016 cm−3
[30]. We performed both isochronal and isothermal annealings, during which the
samples were kept in a vacuum of 10−3 mbar, in order to study the formation of
thermal vacancies.
The average lifetimes measured from the Si([As]=1020 cm−3) and
Si([P]=1020 cm−3) samples are shown in Fig. 4.8 as a function of isochronal
(30 min) annealing temperature. Between each annealing positron lifetime was
4 VACANCIES IN HIGHLY DOPED SILICON 23
1.08
1.04
1.00
0.96
W
/W
b
600550500450400350
Annealing temperature (K)
1.026
1.024
1.022
S/
S b
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in Si([Sb]=9.4×1020 cm−3) at 300 K. The parameters are scaled to the defect free
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measured at room temperature. The average lifetime start to increase at 800 K
and 900 K in P and As doped samples, respectively, indicating that vacancy type
defects are formed. By performing the Doppler broadening experiments similarly
as in Publ. I  III, we can identify the defects in Si([As]=1020 cm−3) as V-As3.
The results of Fig. 4.8 thus show that thermal vacancies are formed above 900 K
and they are quenched to vacancy-impurity complexes during the annealing and
cooling down.
In order to observe the thermal vacancy directly we performed positron lifetime
experiments during the annealing at the equilibrium temperature. The increase of
the average lifetime shows that the vacancies start to form already at 650 K. With
the help of these equilibrium measurements and similar measurements with a slow
positron beam we can get estimates for the concentrations of these thermally
generated defects. The results are shown in Fig. 4.9. With the help of the
data in the ﬁgure and by using a diﬀusion equation we can get estimates for
vacancy formation and migration energies, Ef = 1.1(2) eV and Em = 1.2(1) eV.
The low value of Ef can be explained by vacancy formation next to dopant atoms,
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Figure 4.8: Average positron lifetime as a function of annealing temperature. The
annealing time at each point was 30 minutes and the measurements were made
at 300K.
resulting in an energy gain due to attractive binding. Taking the vacancy-impurity
interaction into account we can estimate a formation energy of 2.8(3) eV for the
neutral monovacancy in intrinsic Si.
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Chapter 5
Summary
In this thesis vacancy type defects and their contribution to the electrical deac-
tivation of highly n-type silicon was studied. In Publ. I and III we studied the
annealing behavior of vacancy-donor pair (V-D1) created by electron irradiation.
In case of As doping the V-As1 pairs become mobile at 450 K (activation energy
1.3(2) eV) and migrate until stopped by substitutional As to form V-As2 com-
plexes. Subsequently the V-As2 complexes start to diﬀuse at 700 K and create
stable V-As3 complexes by migration (activation energy 2.0(2) eV). These pro-
cesses manifest the formation of higher-order vacancy-impurity clusters by the
ring diﬀusion mechanism. In Publ. III it was seen that similar processes take
place also in P and Sb doped Si.
We further observed the recovery of V-As3 defects after 1100 K annealing. The
formation of V-D3 defects at 700 K and their annealing at 1100 K are in per-
fect agreement with the well-known properties of the electrical compensation in
highly doped Si. The observed decrease of free electron concentration after heat
treatment at 700  800 K and subsequent reactivation of doping at 1100  1300
K can thus be explained by the formation and annealing of the V-D3 defects.
In Publ. II we have shown that the V-As3 defect is also the dominant com-
pensating vacancy defect in heavily As-doped MBE grown Si. Larger vacancy
complexes, tentatively identiﬁed as V2-As5, are also formed at high concentra-
tions. The V-As3 and V2-As5 complexes are removed by annealings at 800 and
900◦C, respectively. However, they are likely to reconstruct during the cooling
down by subsequent migrations of V, V-As and V-As2. The rapid thermal anneal-
ing, as opposed to furnace annealing, is shown to lead to smallest concentrations
of V-As3 and V2-As5 complexes, most likely due to the limited time available for
the migration processes.
In Publ. IV we studied the vacancies in highly Sb-doped Si grown by molecular
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beam epitaxy at low temperatures. The open volume defects are neighbored
by 1  2 Sb atoms, and their concentration is large enough to be important
for the electrical deactivation of Sb doping. Annealing experiments show that
vacancy defects are unstable already at 400  500 K and form larger vacancy-Sb
complexes, most likely by the migration of V-Sb pairs. The results demonstrate
the metastable nature of Sb doping in Si grown by low-temperature MBE and
explain the high electrical activation of Sb and deactivation in annealing by kinetic
migration processes of vacancy defects.
The formation of thermal vacancies in highly P and As doped Si was studied
in Publ. V. It was observed that the formation starts already at 700 K and
at high temperatures the vacancies are mainly isolated from impurities. Upon
cooling down the vacancies are quenched to stable vacancy-impurity complexes
such as V-As3 and V-P3, which act as electrically compensating defects. The
vacancy formation and migration energies are estimated as Ef = 1.1(2) eV and
Em = 1.2(1) eV, respectively. The low value of Ef can be explained by vacancy
formation next to the dopant atoms, resulting in an energy gain due to attractive
binding. Taking the vacancy-impurity interaction into account we can estimate a
formation energy of 2.8(3) eV for the neutral monovacancy in intrinsic Si.
In addition to the results in highly doped Si the measurement control software
e+lab was developed and is now in routine use in all the positron systems at Lab-
oratory of Physics. Also some improvements were made to data analysis software,
and some new methods, such as element speciﬁc momentum distributions, were
tested.
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